Introduction
Target discovery in oncology has focused predominantly on 2 basic principles: oncogene addiction (1) and synthetic lethality (2) . Identifying cancer-specific gain-of-function alterations in oncogenes such as ABL, BRAF, EGFR, and PI3K has fueled the development of potent and selective kinase inhibitors that antagonize the addiction of cancer cells to a defined oncogenic driver or pathway. By contrast, loss-offunction mutations, most notably in tumor suppressor genes, are not readily druggable, motivating the search for synthetic lethal targets (3) .
These approaches are complemented by large-scale bioinformatic analysis of tumor profiling data. Coordinated efforts such as The Cancer Genome Atlas (TCGA) project seek to catalog several measurable features of tumor cells, including copy number alterations, mutations, expression, and epigenetic states, and have enabled the classification of patients into specific disease subtypes as well as the identification of new, actionable targets. Glioblastoma, for example, while still diagnosed based on anatomy and histopathology (4), has been further separated into subtypes based on genetic alterations, expression signatures, and long-term survival (5, 6) . This approach identified a subset of patients with gain-offunction mutations in a gene that had not previously been linked to cancer, IDH1 (6) , leading to the development of inhibitors that are being investigated in clinical trials (7) .
Such new approaches are imperative because there are many cancer patients for whom treatment options have not substantively changed. The mainstay treatment for women with high-grade serous ovarian cancer (HGSOC) remains cisplatin, which was introduced in the late 1970s (8) , and while survival rates have largely unchanged since then (9) , emerging therapeutic strategies that include surgical improvements, use of anti-VEGF antibodies, and recent approvals for PARP inhibitors indicate that significant progress is being made (10) (11) (12) . While profiling in HGSOC has led to important insights for the molecular classification of ovarian cancer subtypes, there persists a gap at the level of finding lesions that act as oncogenic drivers and are validated as clinically relevant targets in these patients (13) (14) (15) . Synthetic lethality, commonly based on tumor suppressor loss, emerges as an alternative approach. Indeed, PARP inhibitors were recently approved for the treatment of a subset of ovarian cancer patients who harbor BRCA mutations (16, 17) .
In the context of this major unmet medical need, we continued to look for stratification-based opportunities that could serve as the starting points for a next generation of treatment options using the TCGA data set. This approach led to the identification of a recurrent alteration in the expression of the ubiquitin gene UBB, which is silenced in a significant subset of patients with HGSOC as well as in other tumors of the gynecological tract including uterine carcinosarcoma (UCS) and uterine corpus endometrial carcinoma (UCEC). Several cell lines profiled as part of the Cancer Cell Line Encyclopedia (CCLE) also contain UBB in a transcriptionally repressed state, enabling us to assess the therapeutic value of this observation.
Levels of cellular ubiquitin are determined by the expression of 4 genes in the human genome that encode for ubiquitin protein that is identical at the amino acid level. The 4 genes are Transcriptional repression of ubiquitin B (UBB) is a cancer-subtype-specific alteration that occurs in a substantial population of patients with cancers of the female reproductive tract. UBB is 1 of 2 genes encoding for ubiquitin as a polyprotein consisting of multiple copies of ubiquitin monomers. Silencing of UBB reduces cellular UBB levels and results in an exquisite dependence on ubiquitin C (UBC), the second polyubiquitin gene. UBB is repressed in approximately 30% of high-grade serous ovarian cancer (HGSOC) patients and is a recurrent lesion in uterine carcinosarcoma and endometrial carcinoma. We identified ovarian tumor cell lines that retain UBB in a repressed state, used these cell lines to establish orthotopic ovarian tumors, and found that inducible expression of a UBC-targeting shRNA led to tumor regression, and substantial long-term survival benefit. Thus, we describe a recurrent cancer-specific lesion at the level of ubiquitin production. Moreover, these observations reveal the prognostic value of UBB repression and establish UBC as a promising therapeutic target for ovarian cancer patients with recurrent UBB silencing.
Recurrent ubiquitin B silencing in gynecological cancers establishes dependence on ubiquitin C Alexia T. Kedves, 1 Scott Gleim, 1 Xiaoyou Liang, 1 Dennis M. Bonal, 2 Frederic Sigoillot, 1 Fred Harbinski, 1 Sneha Sanghavi, 3 Christina Benander, 1 Elizabeth George, 1 Prafulla C. Gokhale, 2 Quang-De Nguyen, 2 Paul T. Kirschmeier, 2 Robert J. Distel, 2 Jeremy Jenkins, 1 Michael S. Goldberg, 2 and William C. Forrester confirm the relevance of these observations by finding UBB silencing in a subset of gynecological tumors and the ability to exploit this lesion to induce remissions in an in vivo xenograft study. Pan-cancer TCGA data analysis has led to the potentially novel finding that UBB silencing, while infrequent in most cancer types, occurs in approximately 15% to 30% of UCS, UCEC, and HGSOC and therefore is enriched in a subset of gynecological cancers. Our functional studies provide a basis for considering UBC as essential to the survival of cells lacking UBB expression both in vitro and in vivo. We propose that the combined loss of ubiquitin from both UBB and UBC leads to a catastrophic deficiency of ubiquitin. Synthetic lethality in these cells therefore exploits a tumor-cell-specific reduction in ubiquitin that is sensitive to further ubiquitin depletion and validates UBB silencing as a therapeutic opportunity.
Results
UBB silencing in human gynecological cancer. We examined expression data from TCGA samples across 27 tumor types (www. cancergenome.nih.gov) and found that the polyubiquitin gene UBB is decreased in a subset of patients from the ovarian (OV) data set consisting of samples from patients with HGSOC (ref. 20 RPS27A, UBA52, UBB, and UBC. In each of these loci, ubiquitin is encoded as a polyprotein that is cleaved into the canonical 76-residue ubiquitin protein. RPS27A and UBA52 encode a fusion of ubiquitin and a small and large ribosomal protein, respectively, while mRNA from the UBB and UBC loci contain the 228 nucleotides encoding the 76-amino acid ubiquitin protein as a multiple of 3 and 9 head-to-tail repeats, respectively (18) . In all cases, the 76-amino acid ubiquitin protein is fully conserved and, in this way, contributes to the common cellular pool of ubiquitin that is, in turn, deployed by ubiquitin E3 ligases that append ubiquitin moieties onto proteins to regulate their stability, localization, and activity (19) .
Ubiquitin genes serve housekeeping functions and levels of free ubiquitin must be maintained to sustain homeostasis. Finding a cancer-specific context in which one of these genes is recurrently silenced establishes a rationale for exploring the impact of this event for tumorigenesis and the therapeutic opportunities made possible as a result of this lesion. We have explored the clinical value of UBB silencing and find that knockdown of UBC in these cells leads to the depletion of cellular ubiquitin pools below a viability threshold and show that this effect is specific and rescuable. We ; mesenchymal = -0.69, 2.5e -14 ; differentiated = -0.74, 1.6e -25 ; proliferative = -0.84, 2.3e -46 ). Colors by transcriptional subtype correspond to B. jci.org Volume 127
Number 12 December 2017 a specific locus and ranges from 0 (no methylation) to 1.0 (full methylation). These results show that UBB is strongly methylated in the proliferative subtype, with the mean methylation higher in this subtype than the top quartile in the differentiated subtype, the group with the next highest level of methylation. There is also a substantial outlier population of heavily methylated UBB alleles (β values > 0.8) in the proliferative subtype. These data can be combined to consider the correlation between expression and DNA methylation within each subtype, on a per-patient basis ( Figure 1C ). The P values show that for all subtypes UBB expression is highly significantly correlated with its methylation status. In other words, UBB expression occurs when the gene is unmethylated and is silenced when the gene is heavily methylated. Together, these results provide compelling evidence that UBB silencing and DNA methylation occurs preferentially in the proliferative subtype of ovarian cancer.
The human polyubiquitin genes UBB and UBC are typically expressed at roughly equivalent levels in cell lines, normal tissues, and tumor samples. To consider UBB expression more broadly across TCGA samples, we used the ratio of UBC to UBB mRNA to identify relative expression outliers. This approach provides an internally controlled, patient-centric normalization for sample variability. We use a UBC/UBB ratio cutoff of greater than 1.25 as a measure of UBB silencing rate. This value is defined by the upper inner fence, a standard statistical measure of outlier status defined as Q3 + (1.5 × IQ) (see Methods), and taking this approach were able to establish a rate of UBB silencing for each tumor type and Figure 1A ). The RNA sequencing (RNASeq) data are shown for each of the 4 ubiquitin-encoding genes along with GAPDH as an internal control for sample quality and distribution normalcy. We find that all ubiquitin-encoding genes, RPS27A, UBA52, UBB, and UBC are expressed in tight, unimodal distributions, with the exception of UBB in HGSOC (labeled OV in Figure 1 ). In this tumor type, UBB expression shows an atypical and broad distribution and indicates that in many patients UBB expression is subject to transcriptional downregulation.
To understand the relevance of this specific silencing event in the context of previously defined disease subtypes within the HGSOC data set (20, 21) , UBB expression was examined in each of the 4 established subtypes: immunoreactive, mesenchymal, differentiated, and proliferative ( Figure 1B) . Our results indicate that low UBB expression based on RNASeq by expectation-maximization (RSEM) values (log 2 RSEM values ≤ 12) occurs preferentially in the proliferative and differentiated subtypes. In these subtypes, the distribution of UBB expression is bimodal, with more tumors in the proliferative subtype expressing low levels of UBB.
To gain additional insight into the possible basis for downregulation of UBB expression, we assessed TCGA patient-specific DNA methylation data from primary tumors, revealing a strong enrichment for UBB methylation in the proliferative subtype (Figure 1B) . In these plots, the degree of methylation is the β value (see legend) and reflects an Illumina sequencing approach that quantifies the conversion of unmethylated CpG into TpG following bisulfite treatment (22) . The β value reflects the ratio of methylation at plots representing the same data ( Figure 3B ), which clearly reveal a group of outliers with low levels of UBB expression. Similar to the TCGA data, we also find that UBB silencing in these cells is correlated with increased DNA methylation (W. Forrester, unpublished observations). Importantly, we have identified a number of cell lines in which UBB appears to be transcriptionally repressed and, if confirmed, will enable us to pursue functional studies to determine the translational value of this finding. This analysis identified 26 cell lines in which UBB expression is strongly suppressed (Supplemental Table 1 ). These data indicate that UBB silencing is regulated independently of other ubiquitin genes and is likely to be maintained in cell lines derived from tumors in which UBB has been turned off. The highest frequency of UBB repression occurs in cell lines derived from ovarian and endometrial cancers, and almost 15% of cell lines derived from these lineages express very low levels of UBB (Supplemental Table  2 ). This representation parallels our observations of UBB expression in the TCGA data set and provides independent support that repression of UBB is linked to gynecological cancers.
To study this in more detail, we selected a group of cell lines from different tumor types based on UBB expression levels. We sought to confirm UBB expression in these cell lines and, after obtaining and expanding these cells, performed RNA analysis using gene-specific probes that distinguish between each of the 4 ubiquitin-encoding genes. Results from this study demonstrate that our measurements of UBB expression closely reproduce results from data collected by a high-throughput profiling platform ( Figure 3C ). Importantly, we observe potent UBB mRNA reductions in a subset of cancer cell lines, hereafter referred to as UBB LO lines including CAL33 (tongue squamous cell carcinoma), HMCB (melanoma), JHOM1 (ovarian mucinous adenocarcinoma), KS-1 (glioblastoma), KYSE150 (esophageal squamous cell carcinoma), OVK18 (ovarian endometrioid adenocarcinoma), and OVCAR8 (HGSOC).
By virtue of the number of ubiquitin repeats, the polyubiquitin genes UBB and UBC can contribute disproportionately to the pool of cellular ubiquitin protein on a per-transcript basis, relative to the UBA52 and RPS27A genes which each encode a single ubiquitin polypeptide. We wanted to consider whether cells repressed for UBB had an increased dependence on UBC to maintain their ubiquitin pool. To address this, we silenced UBC in cell lines with normal or reduced levels of UBB. siRNA-mediated knockdown of the essential gene PLK1 was used as a transfection efficiency control and induces a strong viability phenotype in transfected cells as measured by CellTiter-Glo. All cell lines in this panel, including both UBB LO (red) and UBB WT (black) lines, are dependent on PLK1. By contrast, knockdown of UBC produces a viability phenotype only in the UBB LO cells ( Figure 3D ). To assess cellular outcomes resulting from UBC knockdown, we followed cells in a time course after siRNA transfection to better understand if cells were undergoing a cell cycle arrest or a cell death response. The cellular response was observed using real-time microscopy with the Incucyte apparatus that allowed us to look at cell morphology and, in combination with a fluorogenic caspase substrate dye (24) , allowed us to additionally monitor the induction of caspases involved in executing the apoptotic program ( Figure 4 ). UBB LO (OVCAR8) and UBB WT (OC316) cells transfected with siRNA targeting PLK1 show a morphology, previ-( Figure 2A ). This analysis reveals that UBB silencing (UBC/UBB ratio greater than 1.25) is found in many different types of cancer but is most prevalent in 3 cancers of the female reproductive tract: 16% UCS, 24% UCEC, and 29% HGSOC (OV). These 3 cancer types define a distinct group (orange bars) where UBB silencing occurs at a relatively high frequency. The second group of tumors (gray bars) silences UBB at a much lower rate, between 2.5% and 6%, and this is followed by a gradual tapering off in the rate of UBB silencing in other tumor types. Low UBB expression outliers across the TCGA data can be seen on a patient-by-patient basis in many tumor types but is clearly not equally distributed (Supplemental Figure 1A ; supplemental material available online with this article; https://doi.org/10.1172/JCI92914DS1). The decrease in UBB expression is not seen in a similar analysis in normal tissues (Supplemental Figure 1B) , suggesting that UBB repression in tumors is guided by tissue-specific mechanisms and occurs at a high frequency in a subset of gynecological cancers.
To understand the impact that UBB silencing may have on clinical outcomes, we considered the distribution of UBB expression among HGSOC in the TCGA data set. Expression is best described as a bimodal distribution, based on a Gaussian mixture model, with low and normal UBB expression groups (colored red and gray, respectively, Figure 2B ). Stratification of long-term survival data into 2 groups based on UBB expression levels in tumor samples (log 2 [UBB] ≤ Q1 or log 2 [UBB] > Q1) demonstrated the lowest quartile of UBB expression to correlate with poor patient outcome in overall survival compared with the remainder (P value = 0.0138) ( Figure 2C ). The Mantel-Haenszel log-rank test was used to evaluate the significance between Kaplan-Meier survival curves (Table 1) .
Silencing of UBB establishes dependence on UBC. As a basis for considering the functional implications of these observations, we wanted to know if we could identify cell lines expressing UBB at low levels, presumably derived from patients such as those described above. We surveyed expression of ubiquitin-encoding genes across the CCLE, which consists of more than 1,000 cell lines from 24 tumor types (ref. 23 and Figure 3A ). We find a subset of cell lines in which UBB expression is strongly decreased, while expression of the 3 other ubiquitin genes in these cells remains within a relatively tight distribution shared among all cells. This is also seen in box The Mantel-Haenszel log-rank test was used to evaluate the difference between the Kaplan-Meier survival curves for TCGA HGSOC patients stratified according to UBB expression level (log 2 RSEM). The UBB-low group (UBB ≤ Q1) was defined by UBB expression levels in the lowest quartile, and demonstrated a significant survival difference compared with other patients (χ 2 = 6.06, P = 0.0138). The significance threshold was set at the 95% confidence interval (P value < 0.05). O, observed deaths; E, expected deaths; V, variance. jci.org
Volume 127 Number 12 December 2017 ous described, that is characteristic of cells unable to exit G2 phase (25) and this can be seen starting at 24 hours. Fluorescent signal resulting from caspase-3/7 activation can be seen starting at 36 hours and increases over time. Transfection with siRNAs against UBC produces fluorescence exclusively in the UBB LO cells starting at 42 hours. The bright-field images also show disruption to the structural integrity of the UBB LO cells starting at 36 hours. The UBB WT (OC316) cells transfected with UBC siRNAs appear unaffected, similar to the impact of transfecting these cells with the nontargeting control siRNA (siNT). These observations indicate that UBC knockdown in UBB LO cells results in cell death, consistent with the strong viability effects seen above.
To consider this phenotype in more detail, a panel of lines consisting of 4 UBB LO (red) and 6 UBB WT lines (black) from different lineages were transfected with a dose titration of validated, gene-specific siRNAs while maintaining total siRNA concentration at 20 nM using siNT as filler ( Figure 5A ). Titration of siRNAs that target UBC mRNA results in minimal viability effects in most UBB WT lines. The largest effect we observe for UBC knockdown in a UBB WT cell line occurs in the ovarian line OC316 (HGSOC), for which 5 nM UBC siRNA produces a 50% drop in viability at 72 hours. By contrast, in the UBB LO lines, UBC siRNAs produce a consistent drop in CellTiter-Glo levels that is 20-to 100-fold below control using 1 nM UBC siRNA ( Figure  5A ). We note that submicromolar exposures as low as 160 pM UBC siRNA produce phenotypes in UBB LO cell lines that can be greater than 10-fold below control transfected cells. These phenotypes are substantially more potent than those seen with PLK1 knockdown, which produces on average a 5-fold decrease in CellTiter-Glo at 1 nM siRNA. These results highlight the extreme and selective sensitivity of the UBB LO cells to UBC knockdown. UBC mRNA is reduced 60% to 80% in these siRNA titration studies (Supplemental Figure 2A) .
We also wanted to assess the long-term effects of knocking down UBC particularly in UBB WT cells in colony formation assays following siRNA transfection. In these studies, our positive control was PLK1 siRNA, and, as observed above, PLK1 is essential for longterm viability for all cells tested ( Figure 5B ). Knockdown of UBC prevents colony formation, but selectively in the UBB LO cells. We also assessed the impact of UBC knockdown by continuously monitoring cell growth and morphology with real-time, live-cell imaging after siRNA transfection and found that depletion of UBC from UBB WT cells, OC316 (ovarian) and A2058 (melanoma), results in a modest and short-term reduction in growth rate relative to cells treated with control siRNA (Supplemental Figure 2 , B and C). By contrast, the UBB LO cells cannot compensate for the loss of UBC and die.
To consider the short-term impact of ubiquitin depletion on cell cycle progression, UBC was knocked down by siRNA transfection in 2 UBB WT and 2 UBB LO cell lines matched by lineage (skin and ovarian) ( Figure 5C ). At 30 hours after transfection both of the Figure 5D ). This resembles the effects of PLK1 knockdown previously described to block cells at cytokinesis (25) and which we also observe (Supplemental Figure 2) .
Synthetic lethality based on polyubiquitin genes. Our data suggest that the reduced expression of UBB results in a decrease in cellular ubiquitin pools that establishes a dependence on UBC.
This hypothesis, if correct, could be directly tested by demonstrating that UBB knockdown in UBB WT cells is sufficient to make cells dependent on UBC and additionally by rescuing the dependence on UBC in a UBB LO cell by overexpression of exogenous UBB gene. The first study was conducted by mixing siRNAs together to target transcripts from one or both of these genes and shows that, in UBB WT ovarian cancer-derived cells, knockdown of either UBC or UBB individually is tolerated; however, silencing of these genes together results in synthetic lethality (Figure Figure 6E ). Together, these studies establish that the primary determinant of lethality to UBC knockdown is the low level of expression from the UBB gene. Cellular response to a ubiquitin catastrophe. Using an inducible shRNA system enables a regulated and stable approach to study the UBC-mediated synthetic lethal process. Cells transduced to harbor the UBC shRNA were treated with a dose titration of Dox ( Figure 7A ). Dox produces a viability phenotype in UBB LO (HMCB) cells with little, or no, effect in UBB WT (A2058) cells. Knockdown of UBC mRNA is near maximal for both lines at doses above 12.5 ng/ ml after 48 hours of Dox treatment ( Figure 7A ). 6A). The same results are also obtained in UBB WT and UBB LO melanoma cell lines (Supplemental Figure 3) . The knockdown of cellular mRNA levels resulting from siRNA treatment is shown for UBB and UBC ( Figure 6 , B and C). We also find that the dependency on UBC in OVCAR8 cells, which are UBB LO , can be suppressed by reexpressing UBB. In this experiment, cells contain a UBC shRNA that can be induced by doxycycline (Dox) to knock down UBC mRNA and in the presence of Dox, these cells are efficiently eliminated ( Figure 6D ). However, transfecting these cells with a plasmid that expresses UBB (pUBB) rescues Dox-induced lethality. Expression of plasmid-borne UBB, linked to an antibiotic resistance gene, increases on successive Colony formation assays of OVCAR8 containing a doxycycline-inducible (Dox-inducible) UBC shRNA transfected with a neomycin-resistance plasmid encoding UBB (pUBB) or the empty vector alone (pVec). Antibioticresistant cells were seeded into 6-well plates with or without Dox (100 ng/ml) and 7 days later cells were fixed and stained with crystal violet. This study was performed twice. (E) Expression from pUBB was measured on 3 successive days after addition of Dox. Analysis of technical replicates with SD of the mean was performed twice. jci.org Volume 127
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We also treated cells for 6 hours with cycloheximide (CHX), an inhibitor of protein synthesis, to assess whether the observed increase in steady-state levels of c-myc requires ongoing protein synthesis. CHX treatment reverses c-myc stabilization and suggests that the c-myc turnover rate is slowed but not entirely blocked following ubiquitin depletion and ongoing translation is required to see levels accumulate. These results suggest that the rapid turnover of c-myc protein is sensitive to cellular ubiquitin pool levels and, while not surprising, provides the insight that ubiquitin pool depletion can be affecting diverse systems through decreased protein turnover.
In vivo confirmation of synthetic lethality. These observations encouraged us to consider whether repression of UBB represents a therapeutically exploitable vulnerability in a more physiologically relevant context. For this study, OVCAR8 cells harboring a Dox-inducible UBC hairpin or an siNT were transduced with a constitutively expressed luciferase gene and implanted orthotopically into 24 immunodeficient NOD SCID γ (NSG) mice. Tumor-bearing animals were randomly assigned to one of two study arms: 12 would receive Dox by chow and 12 would continue to receive normal chow. On day 37, Dox treatment was initiated at a time when all animals had tumor burdens that were easily seen by luciferase-dependent imagThe ubiquitin proteins produced from each of the 4 ubiquitinencoding loci are identical, making it impossible to differentiate ubiquitin being made from the UBB or UBC gene, or any of the other ubiquitin-encoding genes. Instead, we are able to assess levels of free ubiquitin as well as protein-ubiquitin conjugates and use this as way to assess levels of cellular ubiquitin ( Figure 7B ). In this way we monitored time-dependent changes in total ubiquitin levels following induction of the UBC hairpin in HMCB (UBB LO ) cells. The level of free ubiquitin and protein-ubiquitin conjugates remains stable for the first 12 hours after addition of Dox but drops precipitously during the next 12-hour period and continues to drop over the remainder of the time course.
The depletion of ubiquitin and ubiquitin-conjugated proteins is specific to UBC knockdown in the UBB LO cells and is not seen in UBB WT A2058 cells (X. Liang, unpublished observations). Under these conditions, we observe an increase in c-myc protein after 24 hours as well as an increase in γ-H2AX which appears at 36 hours ( Figure 7B ). C-myc, an established example of a short-lived protein whose turnover is regulated by ubiquitin-mediated degradation (26, 27) , provided the insight that the sharp depletion of cellular ubiquitin levels can directly impact protein turnover. We confirm c-myc stabilization in a second UBB LO cell line following UBC knockdown ( Figure 7C ). ) cells with shUBC or nontargeting hairpin control shNT were treated with 100 ng/ml Dox, and protein lysates were prepared at the time of Dox addition and at 12, 24, 36, and 48 hours thereafter. Antibodies used for Western blotting were against ubiquitin, γ-H2AX, c-myc, TP53, total H2AX, and β-actin. Molecular weight markers (kDa) are shown on the left. (C) Dox (100 ng/ml) was added to cells and lysates prepared at indicated times. Cycloheximide (CHX) was added (10 and 50 μg/ml) 6 hours prior to harvesting. Analysis of protein lysates following Dox time course was performed twice each with samples prepared from independent experiments. jci.org Volume 127 Number 12 December 2017
an shUBC-specific decrease in UBC mRNA in these tumors ( Figure 8B ), and using BLI to monitor tumor burden observed that Dox treatment results in tumor regression ( Figure 8C ). We conclude that the dependency on UBC in the UBB LO cells is also relevant in the in vivo setting. ing ( Figure 8A ). Within 7 days of starting Dox chow diet, bioluminescence imaging (BLI) values had dropped below detection levels in mice bearing the shUBC-transduced tumor cells ( Figure 8A ). During the same period BLI values that were monitored biweekly had increased for all other mice. We observed Kaplan-Meier plot shows the percentage of mice surviving in each arm of study. All mice in the shNT arm succumb by day 60, and addition of Dox did not affect viability for shNT. Mice bearing tumors with shUBC (blue, red) had increased survival. Statistical significance indicated by P values as follows: not significant (N/S) = 0.61, ***P < 0.0002, ****P < 0.0001. Variation among the groups is substantially less than the difference between the shUBC+Dox and other groups. Tabulation for the survival curves is shown (Supplemental Table 3 ). jci.org
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However, the loss of UBB leads to reductions in the ubiquitin pool, the benefit of which may ultimately be offset by the cost associated with shifting the cell closer to a minimal ubiquitin threshold. Global loss of ubiquitin is lethal, as shown using temperaturesensitive alleles of a ubiquitin-activating enzyme (ts85) that leads to depletion of free ubiquitin, ubiquitin-protein conjugates, stabilization of short-lived proteins, and a transient accumulation in G2 phase prior to cell death (34) . This is consistent with our observations of c-myc stabilization and an expanded G2 population shortly following UBC knockdown in UBB LO cells. A role of ubiquitin in chromatin modification and the DNA damage response is well described (35, 36) . Induction of γ-H2AX in the context of acute ubiquitin depletion is consistent with previous observations that UBB and UBC suppress spontaneous DNA damage during otherwise unperturbed growth (37) and are required for normal 53BP1 foci formation following irradiation (38) . However γ-H2AX also occurs by other, DNA-independent stresses including heat shock (39) , and following UBC knockdown may be unrelated to defective DNA repair and instead could result from DNA cleavage during apoptosis (40) .
In mammals, the polyubiquitin genes UBB and UBC play different roles in development. Ubc-null mice die in mid-gestation due to disruption of fetal liver function (41, 42) , while mice that are homozygous null for Ubb are viable but sterile (43) . Polyubiquitin genes have been found to be required for meiosis in yeast, fly, and mammals (44) (45) (46) , suggesting that levels of ubiquitin play specific developmental roles. How this relates to the depletion of ubiquitin by silencing of UBB during tumorigenesis remains unclear. Expression of the UBB gene is otherwise best described as a housekeeping gene; when examined across 30 tissue types, it is less variable than GAPDH, and there is no tissue in which UBB appears transcriptionally inactive (Supplemental Figure 1B) . These results do not provide insight to help explain the incidence of UBB silencing in gynecological tissues and leaves open the possibility that UBB repression is a consequence of alterations in ovarian surface and fallopian epithelium (47) (48) (49) . All 3 tumor types with a high incidence of UBB silencing are derived from Müllerian epithelium, a finding that should prompt follow-up studies to consider UBB expression and promoter methylation status in these cells (50) . Therefore, although ovarian cancer arises from tubal epithelium, normal ovary where UBB expression is normal was employed as a useful general reference point.
Repression of UBB is unlikely to be a spurious, passenger lesion. This locus is vulnerable to DNA methylation and transcriptional silencing by a locally restricted mechanism that does not extend to the closest flanking genes, CENPV or TRPV2, which are located just 28 kb to the 5′ side and 35 kb to the 3′ side, respectively (Supplemental Figure 5) . We also note that UBB, located on chromosome 17p (17p11.2), is rarely deleted. Lastly, there is no evidence for UBC silencing, although previous knockout studies as well as work herein show that diverse cell types can tolerate silencing of UBB or UBC separately (41, 42, 51) .
Together, these findings provide a rationale for the development of a medicine targeting UBC at the mRNA level that might include siRNA therapeutics (52, 53) , antisense oligonucleotides (54, 55), or other approaches that reduce ubiquitin levels. In our studies, we see little to no toxicity caused by UBC silencing in
We further used this model to determine the survival benefit of targeting UBC in these cells. Animals in the control arms developed symptoms of liver failure due to tumor cell infiltration and rapidly succumbed to disease, with median survival around 50 days (Figure 8D) . By contrast, mice implanted with OVCAR8 shUBC and continuously fed Dox chow had durable remissions and substantial long-term survival benefit. In light of these responses, it is noteworthy that shUBC tumor cells go on to develop resistance in mice treated with Dox ( Figure 8C ) and the mice eventually die, with a median survival of nearly 100 days after implant.
The resistant tumors provided an opportunity to determine whether there are potential on-pathway adaptions, such as derepression of UBB, that rescue lethality by restoring ubiquitin levels. Dox-resistant tumors were removed from 5 mice and ex vivo growth was established to potentially gain insight into the resistance mechanism. Our analysis revealed that resistance was the result of ineffective UBC knockdown rather than reexpression of UBB. In these studies, we found that all Dox-resistant lines still retained a dependency on UBC and were sensitive to UBC knockdown by siRNAs (Supplemental Figure 4) . The likely explanation for these observations is that a small number of cells implanted into mice are not competent to express the UBC hairpin and continue to proliferate though the treatment with Dox that otherwise produces deep remissions through the loss of cells expressing shUBC. The nonresponder cells eventually overtake the animal, necessitating euthanasia. It is noteworthy that despite strong selective pressure, we did not find evidence for UBB reexpression in any of the Dox-resistant cultures, suggesting that silencing at this locus is governed by a potent, heritable, and stable mechanism.
Discussion
Our analysis of TCGA identifies low UBB expression as a frequent alteration in gynecological cancers linked to poor survival, and we establish a model to consider what, if any, therapeutic responses could be achieved should it be possible to target cancers with this lesion.
Why would reduced levels of UBB be selected for in cancer? Ubiquitin is essential, yet cells produce ubiquitin through multiple genetic and regulatory strategies that makes it possible to tune levels of ubiquitin pools for survival and likely other developmental decisions. The yeast polyubiquitin gene, UBI4, is not required for vegetative growth but is needed for stress response and for sporulation (28) . Experiments looking for genes regulating fitness adaptability identified loss-of-function mutations in UBR1, an E3 ubiquitin ligase involved in N-end rule degradation (29) , and genes involved in protein degradation suppress growth defects associated with mutational burdens presumably by stabilizing hypomorphic proteins (30) . The role for ubiquitin may be as a pleiotropic regulator and UBI4 hypomorphic alleles produce spontaneous phenotypic variants in hyphal development and morphogenesis in candida (31) .
A genomics approach termed CYCLOPS identified singlecopy deletions of PSMC2, a component of the proteasome, as a recurrent event in a subset of HGSOC (32) . Both hemizygous PSMC2 copy number loss and transcriptional repression of UBB might serve to optimize cell fitness by tuning protein fate in a way that stabilizes prosurvival proteins during tumorigenesis (33 To restrict the analysis to the human cells in the sample, results were normalized to human GAPDH by the ΔΔCT method. UBC levels were then normalized to the shNT-no-Dox sample. mRNA values for genes proximal to UBB on chromosome 17 were analyzed by the ΔCT method, which was normalized to an internal control, β-actin. siRNA transfection. UBC siRNAs were obtained from Dharmacon (J-019408-05, J-019408-06, J-019408-07 [UBC-1], and J-019408-08 [UBC-2]) or Qiagen (SI00754271, SI03048423, and SI05071444). UBB siRNAs were obtained from Qiagen S103107328 (UBB-1) and Dharmacon J-03382-07 (UBB-2). siNT was purchased from Dharmacon (D-001810-01-05), and PLK1 siRNA was from Qiagen (SI02223837). siRNAs were resuspended to a final stock concentration of 20 μM in nuclease-free water. For titration studies, a dilution of siRNA (OptiMEM I) was prepared at 10× final concentration. Dharmafect-1 (Dharmacon, T-2001) was diluted 1:40 in OptiMEM I for a 1:400 final concentration. To 10 μl of diluted siRNAs per well in 96-well plates, 10 μl of diluted Dhamafect-1 was added followed by 10,000 cells in 80 μl media. One hundred microliters of CellTiter-Glo (Promega, G7573) was added at 72 hours and relative light units (RLU) were measured using the EnVision plate reader (PerkinElmer). The Incucyte (Essen Bioscience) was used for microscopy assays. Colony formation assay (CFA) results were reproducible with 6 independent UBC siRNAs.
Matrix siRNA studies included 2 UBC siRNAs and 2 UBB siRNAs and an siNT at a final concentration of 10 nM for each siRNA. mRNA levels for UBB and UBC were assessed 24 hours after transfection. Caspase-3/7 was detected using an IncuCyte Green Apoptosis assay 4440 (Essen Biosciences) (24) .
Cell cycle analysis. Cells were plated into 6-well plates (0.5 × 10 (22) were collated with patient annotation details using python v3.4. Analysis of nontumor samples from the GTEx Consortium (61) involved gene-level RPKM values that were collated and summarized using python v3.4. Determination of sample outliers for the UBC/UBB ratio (calculated in Spotfire v6.5) was defined as 1.25, based on the upper inner fence of the ratio, a standard statistical measure of outlier status, defined as Q3 + (1.5 × IQ), where IQ is the interquartile range. Kernal density estimates were calculated in R v3.2.0 using the mclust package (62) , where Bayesian information criterion optimally supports the presence of 2 Gaussian components for UBB expression in HGSOC tumors with singular population estimates for the other ubiquitin genes. Kaplan-Meier survival estimates were generated in R v3.2.0 using the survival package (63), with HGSOC tumors stratified by the first quartile of UBB expression cells with normal expression of UBB, although tolerance for systemic silencing of UBC remains untested. While acute knockdown of UBC in cells can lead to a transient proliferative delay of cell lines in vitro, Ubc +/-heterozygous mice appear normal (41). These observations warrant further studies to exploit this therapeutic opportunity for a large population of cancer patients lacking actionable targets for precision medicine.
Our findings provide a potentially new perspective on previous reports of synthetic lethality among functional paralogs involved in likely compensatory roles in fitness. These include ARID1A and ARID1B (56) , SMARCA2 and SMARCA4 (57) , and most recently CBP and EP300 (58) . Although the roles of these genes in tumorigenesis are similarly unclear, these examples of synthetic lethality can now be expanded to include UBB, a ubiquitin-encoding gene that serves as a biomarker for a clinically aggressive HGSOC subtype, and its paralog UBC. Our observation offers insight for the development of targeted agents in a newly defined patient population.
Methods
Cell culture. All cell lines were authenticated using an Affymetrix SNP 6.0 array (Asuragen) and compared to reference genomes in CCLE (23) and found to be negative for mycoplasma using the MycoAlert kit (Lonza, LT07). Growth of all lines was at 37°C with 5% CO 2 in the corresponding media: CAL33, HMCB, and A2058 in DMEM (Gibco); DEL, HCC-44, OC316, OVCAR8, MDA-MB-231, and NCI-1299 in RPMI (Gibco); JHOM1 in DMEM:F12 (Gibco); KYSE150 in RPMI:F12 (Gibco); KS-1, AZ521, and OVK18 in EMEM (ATCC); and RKO in McCoy's 5A (Gibco). During authentication, we determined that AZ521 is commonly misidentified as HuTu80; however, the cells in our study were confirmed as AZ521 against the CCLE reference. All media were supplemented with 10% FBS (Hyclone, SH30071.03). The tet-on promoter was induced with 100 ng/ml Dox (MilliporeSigma, T7660). mRNA expression level. RNA was extracted using the RNeasy Kit (Qiagen, 74181) or the TurboCapture 96 mRNA kit (Qiagen, 72251). cDNA was reverse transcribed using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, 4368814) or Cells-to-Ct RT reagents (Applied Biosystems, 4391852C). mRNA levels were determined by Taqman quantitative PCR (qPCR) using an ABI7900HT Fast Real-Time PCR instrument (Applied Biosystems) with the following gene-specific probe sets purchased from Applied Biosystems: UBA52 Hs03004331_g1, RPS27A Hs01923841_uH or Hs01577583_g1, UBB Hs00430290_m1, UBC Hs01871556_s1 or Hs00824723_m1, and PLK1 Hs00153444_m1. Data were normalized using an internal control gene, either GAPDH (Thermo Fisher Scientific, 4352934E) or β-actin (Applied Biosystems, Hs99999903_m1). Relative quantification of expression levels (RQ) was calculated using the 2 -ΔΔCt method or relative quantification (59) . Expression in tumor tissue involved multiple nodules per mouse which were removed and stored in RNAlater. mRNA was extracted with TRIzol (Ambion, 15596-018) and isolated using the RNeasy Kit. Samples were subject to reverse transcription and amplified by Taqman. Results were analyzed individually and subsequently combined as a group. Four to 5 nodules were isolated from each mouse, and 2 mice were included from each group. /SzJ, stock number 005557, The Jackson Laboratory). Tumor growth was monitored weekly using the IVIS Spectrum In Vivo Imaging System (PerkinElmer), starting at day 9 after cell injection. Briefly, mice were injected subcutaneously with 75 mg/kg D-luciferin potassium salt (Promega, E1605) in sterile PBS and anesthetized with 2% isoflurane in medical air. Serial bioluminescence images were acquired using the automated exposure setup. The peak bioluminescence signal intensity within selected regions of interest (ROIs) was quantified using Living Image Software (PerkinElmer) and expressed as photon flux (photons/second/cm 2 /steradian). Representative planar bioluminescence images were displayed with indicated adjusted minimal and maximal thresholds. Mice were randomized into 2 groups per cell line, for a total of 4 groups (n = 12 per group; 10 for efficacy and 2 for pharmacodynamics), using the overall tumor burden as measured by BLI. The recruited animals were randomized into treatment groups with similar BLI signal means, indicative of comparable disease burden. The investigators were not blinded to allocation during experiments and outcome assessment. Mean BLI for each group of 10 animals was calculated, and error was determined by SEM. Median survivals were determined using the method of Kaplan and Meier. A log-rank (Mantel-Cox) test was used to calculate P values derived from statistical analysis of the Kaplan-Meier survival curves. P values less than 0.05 were considered to be statistically significant. Analysis was performed with Prism 6 (GraphPad Software, Inc.). Standard chow was replaced with Dox chow (2,000 ppm) for one group in each cell line at day 37 after cell injections and continued until study completion. All animals were further followed for survival. When signs of morbidity occurred (such as weight loss, jaundice, and/or ascites-associated bloating of the abdomen), the affected animal was euthanized according to the 2013 AVMA (American Veterinary Medical Association) guidelines. The animals were imaged weekly to assess tumor establishment and progression. As tumor burdens were comparable at 5 weeks after cell injection, all animals were enrolled in treatment groups. A small number of animals developed palpable subcutaneous tumor, and were thus excluded from the study. As a result final efficacy study included 7 to 10 animals per group. On some occasions, the tumor lesions were excised, confirmed by ex vivo BLI, and stored in RNAlater (Ambion, AM7020) for further analysis. Tissue was homogenized in TRIzol solution, and RNA was isolated using the RNeasy Kit (Qiagen, 74106).
Resistance studies. tetR mRNA expression level was detected with a custom qPCR probe set (forward primer GCCTACAGAGA-AGCAGTATGAG, reverse primer AGAGGGCATACAAGGCATTT, and probe FAM/AAGCCTTGTTGGCACAGGAATGC/TAMSp). Hairpin expression was measured using a probe designed and synthesized by Exiqon based on the shUBC target sequence CGAGAACGT-CAAAGCAAAGAT. miRNA was isolated using a miRNeasy Mini Kit (Qiagen, 217004), and cDNAs were synthesized using a miRCURY LNA Universal RT microRNA PCR Starter Kit (Exiqon, 203351). Briefly, a poly-A tail added to the mature shRNA transcript was used as an anchor for a poly-T primer to convert this into cDNA, which was amplified using template-specific and LNA-enhanced forward and reverse primers and product was detected by SYBR Green fluorescence and (low = log 2 [UBB] ≤ Q1, high = log 2 [UBB] > Q1). Cancer cell line encyclopedia levels of expression and copy number of the ubiquitin genes UBB, UBC, UBA52, and RPS27A as well as the control GAPDH were derived from GC-RMA-normalized Affymetrix Human Genome U133 Plus 2.0 microarray measurements available at www.broadinstitute.org/ccle. One cell line, SNU283, appears to have a biallelic deletion of the chromosome 17 region encompassing UBB. We were unable to establish these cells in culture to confirm their identity as well as expression data and consequently these were excluded from our analysis.
shRNA cloning and viral packaging. shUBC (target sequence CGAGAACGTCAAAGCAAAGAT) and shNT (TGGTTTACATGTC-GACTAA) forward and reverse complementary oligonucleotides were purchased from IDT, annealed following denaturing at 95°C for 2 minutes, and then allowed to cool to room temperature in annealing buffer (10 mM Tris 8.0, 50 mM NaCl, 1 mM EDTA) and ligated into the Dox-inducible plasmid pRSI16-puro at a unique BbsI site (Cellecta). Newly constructed plasmids were confirmed by sequencing with the U6S primer (CAAGGCTGTTAGAGAGATAATTGGA). shRNA plasmid vector was cotransfected into 293T cells along with the packaging and envelope vectors Δ8.9 and VSV-G at a 6:6:1 molar ratio using Lipofectamine 2000 (1:500 dilution, Thermo Fisher Scientific). Supernatant was collected 48 hours later, and viral titer was determined by following infection in the presence of 5 μg/ml polybrene. After 24 hours, media were changed and viability was assessed in replica cultures grown for 7 days in the absence or presence of 1 μg/ml puromycin.
Rescue of UBC-knockdown toxicity by expression of UBB. UBB cDNA was purchased (Thermo Fisher Scientific, IOH56688), and its sequence was validated by primer walking and was transfected into OVCAR8 cells harboring shUBC using Lipofectamine LTX with PLUS Reagent (Thermo Fisher Scientific, 15338030). pDEST40 empty vector (pVec) was used as control. Twenty-four hours later, G418 (200 μg/ ml, Gibco, 11811-023) was added for 7 days. G418-resistant cells were maintained in RPMI supplemented with 10% tetracycline-free FCS, puromycin (1 μg/ml), and G418 (200 μg/ml). Cells were seeded into four 6-well plates (200,000 cells/well) with media containing or lacking 100 ng/ml Dox to induce shRNA expression, and colony formation was performed as described above. To detect UBB transcripts under the control of the CMV promoter in the pDEST40 vector, a CMV-UBB probe set was designed to anneal to the junction portion of the CMV promoter and UBB cDNA using the IDT PrimerQuest Real-Time PCR Design tool and included the forward primer GACCCAAGCTG-GCTAGTTAAG, reverse primer CCTCAAGGGTGATGGTCTTG, and probe FAM/AGGCACCATGCAGATCTTCGTGAA/TAMSp). To measure expression of UBB coming from the plasmid, RNA was isolated 24, 48, and 72 hours after addition of Dox.
Western blotting. HMCB (shUBC or shNT or shPLK1) and A2058 (shUBC) cells were plated into 6-well plates (1,000,000 cells/well), and Dox (100 ng/ml) was added the next day. Cells were harvested at 12-hour intervals after addition of Dox in RIPA buffer (Teknova, R3792) supplemented with Halt protease inhibitor cocktail (Thermo Fisher Scientific, 1861278) and Halt phosphatase inhibitor (Thermo Fisher Scientific, 1861277). The following antibodies (Cell Signaling Technology) were used for protein biomarker detection: ubiquitin (catalog 3933), c-myc (catalog 5605), phospho-H2A.X-S139 (catalog 2577), α-tubulin (catalog 3873), and histone H2A.X (catalog 7631). Secondary antibodies were purchased from Odyssey (catalog 926-32211 and 926-68020), and fluorescence was detected using an Odyssey LI-COR.
quantified by Applied Biosystems 7900 real-time PCR. Cells were cultured in RPMI containing 10% tet-free FCS and 1 μg/ml puromycin. Cells were transfected with siRNAs at a final concentration of 5 nM and UBC mRNA was measured 24 hours after transfection.
Statistics. Included in the description of TCGA expression and methylation data, the Pearson correlation analysis of subtype-specific methylation and expression of UBB is as follows (associated Pearson R 2 and P values): immunoreactive = -0.66, 6.8e -21 ; mesenchymal = -0.69, 2.5e -14 ; differentiated = -0.74, 1.6e -25 ; and proliferative = -0.84, 2.3e -46 . The significance threshold was set at the 99% confidence interval (P value < 0.01).
Kaplan-Meier survival estimates for TCGA HGSOC were generated in R v3.2.0 using the survival package (63), with ovarian tumors stratified by the lowest quartile of UBB expression in HGSOC (log 2 [UBB] ≤ Q1) plotted against samples with UBB expression log 2 (UBB) > Q1. Survival curve differences for low and high UBB expression groups were compared using the Mantel-Haenszel logrank test (65) . The low-expressing group was determined to have significantly poorer outcomes. The χ 2 = 6.06 on 1 degree of freedom, P value = 0.0138. The significance threshold was set at the 95% confidence interval (P value < 0.05). Gaussian mixture model-based kernel density estimates were calculated in R v3.2.0 using the mclust package (62) , where Bayesian information criterion optimally supports the presence of 2 Gaussian components for UBB expression in ovarian tumors ( Figure 2B ) with singular population estimates for the other ubiquitin genes.
Determination of sample outliers for the UBC/UBB ratio (calculated in Spotfire v6.5) was defined as 1.25, based on the upper inner fence of the ratio, a standard statistical measure of outlier status, defined as Q3 + (1.5 × IQ).
For the survival study OVCAR8 xenograft tumor model, the log-rank Mantel-Cox test was used to compare survival curves. The significance threshold was set at the 99.99% confidence interval (P value < 0.0001).
Study approval. The present studies in animals were reviewed and approved by the Dana-Farber Cancer Institute Institutional Animal Care and Use Committee (IACUC), Boston, Massachusetts, USA.
